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ABSTRACT
Recent data from the Fermi Large Area Telescope have revealed about a dozen distant hard-spectrum blazars
that have very-high-energy (VHE; & 100 GeV) photons associated with them, but most of them have not yet
been detected by imaging atmospheric Cherenkov telescopes. Most of these high-energy gamma-ray spectra,
like those of other extreme high-frequency peaked BL Lac objects, can be well explained either by gamma
rays emitted at the source or by cascades induced by ultra-high-energy cosmic rays, as we show specifically
for KUV 00311−1938. We consider the prospects for detection of the VHE sources by the planned Cherenkov
Telescope Array (CTA) and show how it can distinguish the two scenarios by measuring the integrated flux
above∼ 500 GeV (depending on source redshift) for several luminous sources with z . 1 in the sample. Strong
evidence for the origin of ultra-high-energy cosmic rays could be obtained from VHE observations with CTA.
Depending on redshift, if the often quoted redshift of KUV 00311-1938 (z = 0.61) is believed, preliminary
H.E.S.S. data favor cascades induced by ultra-high-energy cosmic rays. Accurate redshift measurements of
hard-spectrum blazars are essential for this study.
Subject headings: cosmic rays—Gamma rays: galaxies—Methods: numerical—Radiation mechanisms: non-
thermal
1. INTRODUCTION
Gamma-ray astronomy has rapidly advanced in recent
years due to results from the Large Area Telescope (LAT)
on board the Fermi Gamma-ray Space Telescope, which is
sensitive to high-energy gamma rays from 20 MeV to &
300 GeV (Atwood et al. 2009), and from Imaging Atmo-
spheric Cherenkov Telescopes (IACTs), which detect very-
high-energy (VHE; > 100 GeV) gamma rays. The survey
capability and wide energy range of the LAT also provides
useful information on transient activities of known gamma-
ray sources and potential VHE emitters.
In a recent analysis of LAT data, searches for sources
of VHE photons found thirteen promising candidates of
VHE gamma-ray emission at high (z > 0.5) redshifts
(Neronov et al. 2012). The detections of KUV 00311−1938,
PKS 0426−380, and 4C +55.17 was first reported in the LAT
Bright Active Galactic Nuclei Source List (Abdo et al. 2009).
All these sources except PKS 2142−75 are found in the First
LAT AGN Catalog (Abdo et al. 2010), and all appear in the
Second LAT AGN Catalog (Ackermann et al. 2011).
Depending on source redshift, VHE gamma rays above a
characteristic energy Ec are absorbed by photons of the extra-
galactic background light (EBL) and the cosmic microwave
background (CMB) during propagation through intergalactic
space, and create electron-positron pairs (e.g., Nikishov 1962;
Gould & Schréder 1966; Stecker et al. 1992). The value of
Ec, defined by the condition τγγ(Ec,z) = 1 that the γγ opac-
ity is unity, is lower for higher redshift sources. For re-
cent EBL models (e.g., Kneiske et al. 2004; Finke et al. 2010;
Domínguez et al. 2011; Inoue et al. 2012), Ec ∼ 200 GeV for
z = 0.5 and Ec ∼ 100 GeV for z = 1. The detection of VHE
gamma rays from distant sources therefore provides useful in-
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formation on the formation of stars that make the EBL.
The secondary electrons and positrons (hereafter called
electrons unless stated otherwise) produced by γγ pair cre-
ation generate gamma rays by Compton-scattering target pho-
tons of the EBL and CMB, initiating an electromagnetic
cascade if the produced gamma rays are subsequently ab-
sorbed. The resultant secondary photons also contribute to
the gamma-ray flux. Their fluxes are also affected by in-
tergalactic magnetic fields (IGMFs) due to magnetic deflec-
tion of the parent electrons and produce, depending in de-
tail on the strength of the IGMF and its coherence length,
a gamma-ray halo (e.g., Aharonian et al. 1994; Elyiv et al.
2009) and a delayed gamma-ray component (pair echo; e.g.,
Plaga 1995; Murase et al. 2008). Combined LAT and IACT
fluxes of extreme high-frequency peaked BL Lac objects
(HBLs) have recently been used to constrain the strength
of IGMFs (e.g., Neronov & Vovk 2010; Dolag et al. 2011;
Dermer et al. 2011).
Ultra-high-energy (UHE; & 1018 eV) cosmic rays (CRs)
are also sources of electromagnetic cascades. Interactions
of UHECRs with CMB and EBL photons produce UHE
electrons and photons through Bethe-Heitler pair creation
and photomeson production (e.g., Wdowczyk et al. 1972;
Yoshida & Teshima 1993; Lee 1998). If cosmic magnetic
fields are weak enough,≪ 10−10 G, to allow protons to prop-
agate almost rectilinearly, which always holds in the voids
for the magnetic fields considered here, though not always
in the structured region (Murase et al. 2012b), high-energy
gamma rays are produced from electromagnetic cascades in-
duced by these particles. This process has been proposed
as a solution to explain the observed spectra of extreme
HBLs (e.g., Essey & Kusenko 2010; Essey et al. 2010, 2011;
Murase et al. 2012b).
In this Letter, we show that both gamma-ray and UHECR-
induced cascade scenarios can, in the case of weak IGMFs,
reproduce the spectral energy distributions (SEDs) of most of
the VHE candidates listed in the Neronov et al. (2012) LAT
sample based on∼ 4 years of data. It then becomes important
2to distinguish these two scenarios observationally. If UHE-
CRs are required to reproduce future VHE observations, this
would provide strong evidence for UHECR origin in these
sources and help solve a major problem in high-energy astro-
physics. In the cases of nearby extreme HBLs such as 1ES
0229+200, we have previously shown that gamma-ray spec-
tra above∼ 25 TeV give a hint for the distinction because the
hadronic scenario predicts harder spectra above 10 TeV than
the gamma-ray-induced cases (Murase et al. 2012b). Here we
demonstrate whether such a distinction can be obtained for
VHE candidates in future observations. Throughout this let-
ter, a ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7, and H0 = 71
km s−1 Mpc−1 is assumed.
2. DATA SELECTION AND ANALYSIS
We analyzed public Fermi LAT Pass 7 data taken from 2008
August 4 to 2012 July 18, and derived spectra of the sources
in the > 100 GeV list following the recommended procedure
and parameters described at the Fermi Science Support Center
(FSSC).4 We used the LAT standard analysis software, Sci-
enceTools v9r27p1, with the instrument response functions
P7SOURCE_V6. The unbinned analysis was performed for
Source class events with the zenith angle less than 100◦ to
reduce Earth-limb gamma-rays. The Region of Interest and
the Source Region used to derive fluxes were chosen to be 8◦
and 15◦ in radius, respectively, which are large enough for
analysis restricted to ≥ 10 GeV energies. Four equal-width
logarithmic bins per decade were used to calculate the differ-
ential spectra of the sources. When gamma-ray data were fit-
ted, we took sources listed in LAT 2-year Gamma Ray Source
(2FGL) Catalog (Nolan et al. 2012) into account in the Source
Region. We treated flux normalizations as free parameters and
assumed the same spectral indices as in the catalog justified
by the narrow energy bins. The resultant spectra are consis-
tent with those of Neronov et al. (2012), where UltraClean
events are adopted, and the 2FGL results. When no photon
or just one photon was detected, or a TS smaller than 9 (cor-
responding to ∼ 3σ) was obtained for an energy bin, a 95%
confidence level upper limit was calculated by the Bayesian
method provided in ScienceTools. Light curves were calcu-
lated in the same manner in each time bin.
3. GAMMA-RAY-INDUCED AND UHECR-INDUCED CASCADES
Electromagnetic cascades induced by VHE gamma rays
emitted from sources are described by transport equations
(e.g., Lee 1998; Murase & Beacom 2012). We may use one-
dimensional results when the observed flux is not smeared
by the spatial extension due to IGMFs, and such IGMFs
are required to explain VHE point sources that are observed.
The interaction rates of pair creation and inverse Compton-
scattering in the equations depend on the specific EBL model.
Two models developed by Kneiske et al. (2004) (low IR and
best fit) are adopted for calculations and to demonstrate the
uncertainty of EBL estimation.
The strength B of the IGMF assumed in this Letter is clar-
ified as follows. The flux of secondary gamma rays is sup-
pressed if electrons in cascades are deflected by an angle
larger than the jet opening angle θ j. The deflection angle
of electrons by the IGMF is θIG ∼ min[ℓIC/rL,
√
λℓIC/rL],
where λ is the coherence length and ℓIC = 3m2ec4/4σT EeuCMB
is the inverse Compton energy-loss length of electrons with
energy Ee and Larmor radius rL = Ee/eB. Here uCMB is
4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
the energy density of the CMB at redshift z. The charac-
teristic energy Eγ of secondary gamma rays produced when
electrons Compton-scatter CMB photons with mean energy
ECMB is Eγ ∼ (Ee/me)2ECMB. The condition θIG < θ j implies
B . 10−15(Eγ/10 GeV)(θ j/0.1) G. Practically, lower limits
to B are obtained by calculating how much the flux should
be suppressed (Murase et al. 2008). Conservatively assum-
ing that the blazar is active for only a few years, gamma-
ray observations of extreme HBLs give B & 10−18 – 10−20 G
(e.g., Dermer et al. 2011; Takahashi et al. 2012). Practically,
B = 10−18 G is assumed for calculations, which corresponds
to an IGMF strength between these values, because flux sup-
pression due to the IGMF is negligible above∼ 1 – 3 GeV for
B . (1 – 3)× 10−15 G.
The intrinsic spectrum of gamma rays, representing the
gamma-ray source term in the photon transport equation, is
assumed to have a power-law shape ∝ E−s. The index s is
chosen to reproduce the Fermi spectra in the range 1 GeV
< E < Ec. The source spectrum is assumed to extend to a
maximum energy 100 TeV. The minimum energy is taken
to be 109.75 eV in the case of s ≥ 2, while it is not set for
s < 2, because the low-energy cutoff is unimportant for hard-
spectrum sources. Note that s < 2 corresponds to the case
where a cascade component dominates in the high-to-VHE
energy ranges. The requirement that the observed high-energy
Fermi-LAT spectra are reproduced is used to normalize the in-
trinsic spectra of the sources.
In the case of UHECR-induced cascades, the source terms
are replaced by the deposition rates of electrons and gamma
rays at each point during UHECR propagation. The deposi-
tion rates are calculated based on one-dimensional propaga-
tion of UHE protons, following calculations in Murase et al.
(2012b). The injection spectrum of protons with energy Ep is
assumed to be a power-law with an exponential cutoff of the
form E−pp exp(−Ep/Ep,c). We take p = 2.6, Ep,c = 1019 eV, and
the minimum energy of 1018 eV. The resultant cascade spec-
tra are insensitive to the value of p, though the normalization
is affected by p and the UHECR energy-loss length due to
Bethe-Heitler pair creation becomes shortest at Ep ∼ 1019 eV
for z≪ 1. The normalization of the UHECR proton spectra is
set as in the gamma-ray-induced cases.
A clear difference between gamma-ray and UHECR-
induced cascades is the continuous injection of electrons
through Bethe-Heitler pair creation during UHECR propa-
gation in the latter case. UHECRs with Ep ∼ 1019 eV have
energy-loss paths ∼ 1 Gpc for Bethe-Heitler pair production,
whereas 10 – 100 TeV gamma rays only travel∼ 3 – 200 Mpc
before being absorbed by γγ production. This allows UHE
electrons to be injected and cascade to such energies far from
the source. Thus, some VHE photons can reach observers be-
fore being attenuated even when τγγ(E,z)≫ 1, resulting in a
harder spectrum than expected for a gamma-ray-induced cas-
cade.
4. SPECTRAL MODELING AND SCENARIO DISTINCTION
Figure 1 shows the SED of the BL Lac object KUV
00311−1938, the nearest object in the source list. This is the
only source detected by IACTs in the Neronov et al. (2012)
sample at present. The hard spectrum obtained by LAT is well
reproduced by both gamma-ray and UHECR-induced cascade
scenarios between 10 and 100 GeV. The UHECR-induced
cascade predicts larger flux above 200 GeV and harder spec-
trum than the gamma-ray-induced scenario above ∼ 1 TeV.
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FIG. 1.— SEDs calculated for gamma-ray-induced (red) and UHECR-
induced (blue) cascade scenarios for KUV 00311−1938 (z = 0.61) using
low IR (thick) and best fit (thin) EBL models deduced by Kneiske et al.
(2004) with the analyzed LAT data (green) with a H.E.S.S. prelimi-
nary spectrum (magenta; Becherini et al. 2012). The isotropic equiv-
alent energy of input gamma rays for the gamma-ray-induced cas-
cade Liso
γ
, and of UHECR source protons for a UHECR-induced cas-
cade Lisop are 3.5 × 1046 erg s−1 and 1.1 × 1047 erg s−1 , respec-
tively. The differential sensitivity curve for a 50-hour observation with
H.E.S.S. I (http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/;
dashed line), and the 50-hour sensitivity goal of the Cherenkov Telescope
Array (CTA; Actis et al. 2011, dotted line) are also plotted. The flux lower
than the sensitivity curve can be achieved under a relaxed criterion of wider
energy-bins and lower significance required to estimate flux in each bin.
Preliminary H.E.S.S. data support the hadronic interpreta-
tions. Note that the redshift of this object is uncertain (see
Section 5).
We confirmed that the SEDs of the other more distant
sources in the list, excepting sources with steep spectra,
namely PKS 0426-380 and PKS 2142-75, are reproduced by
both gamma-ray-induced and UHECR-induced cascade sce-
narios for the quoted redshifts. More distant sources allow
the possibility to distinguish the two scenarios clearly by the
difference in predicted spectral fluxes above ∼ 1 TeV. Due
to their large distances, a sharper cutoff of the gamma-ray-
induced spectra compared to the UHECR-induced spectra
is predicted at the characteristic EBL absorption energy Ec
(Murase et al. 2012b), and a plateau of emission extending to
> 10 TeV is predicted in the hadronic scenario.
In general, differential sensitivity is defined more conser-
vatively than integral sensitivity for IACTs. Conventionally
the differential sensitivity requires a 5σ signal for a 50-hour
observation in each of four equal-width logarithmic bins per
decade, whereas the integral sensitivity is defined as a 5σ
excess of gamma rays above a given threshold energy for a
50-hour observation (e.g., Aleksic´ et al. 2012). Thus, integral
flux is more sensitive to the scenario distinction.
Figure 2 shows the integral flux corresponding to the pre-
dictions in Figure 1. Here, we can obviously recognize
that the UHECR-induced scenario can be distinguished from
the gamma-ray-induced scenario by CTA. This source is de-
tectable at the 5σ level up to ∼ 3 TeV for the low-IR model
and ∼ 1 TeV for the best-fit model in the UHECR-induced
scenario, while it should only be detected up to ∼ 500 GeV
in the gamma-ray-induced scenario. Detection of this source
above 1 TeV would be very strong evidence for hadronic ori-
gin of the radiation.
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FIG. 2.— Integral flux corresponding to the SEDs in Fig. 1
(KUV 00311−1938) with the H.E.S.S. I integral sensitivity (presented by
Y. Becherini in Rencontres de Moriond 2009; http://moriond.in2p3.fr/J09/)
and the integral sensitivity goal of CTA for a 50-hour observation (Actis et al.
2011). The inset shows a > 10 GeV light curve with 16 equal time bins, each
lasting 90.3 days. The light curve is consistent with a constant flux hypothesis
with χ2r = 0.95 which is calculated only from finite flux points.
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FIG. 3.— Same as figure 2, but for PG 1246+586 (z = 0.847). Liso
γ
=
7.5× 1046 erg s−1 and Lisop = 2.0 × 1047 erg s−1 . The inset is a light curve
similar to Fig. 2, with χ2r = 0.40 for a constant flux hypothesis.
We demonstrate this behavior for a more distant source,
PG 1246+586, in Figure 3. Despite its distance, this source
can be detected by CTA below ∼ 200 GeV for both scenar-
ios. It is possible to distinguish between the two scenarios
because the difference in detecting photons for the two sce-
narios would be larger than the range of uncertainties implied
by the EBL models used, even with the flux of the character-
istic hadronic plateau at high energies being below the CTA
sensitivity. Thus, even gamma-ray sources with z ∼ 0.85 can
be utilized to disentangle the two scenarios. Other sources
detectable with 50-hour observations with CTA in the source
list are Ton 116, B3 1307+433, 4C +55.17, and PKS 1958-
179. Note that the sensitivity of CTA North may be somewhat
worse above ∼ 10 TeV because no small-size telescopes are
projected to be a part of the array.
5. DISCUSSION
An important uncertainty for this study is the source red-
shift. It is difficult to determine accurate photometric redshifts
4of BL Lac objects owing to the strong nonthermal emission
from relativistically beamed jets concealing the host-galaxy
or broad-line region emission lines (e.g., Rau et al. 2012).
For instance, a recent detailed spectroscopic study of KUV
00311−1938 identifies no line related to the host galaxy, and
provides a conservative lower limit of z ≥ 0.506 from a Mg
II doublet of narrow lines in intergalactic medium (Pita et al.
2012), contrary to the often quoted value of z = 0.61 (but large
uncertainty is mentioned in Piranomonte et al. 2007). See
also Shaw et al. (2013).
Uncertainty in redshift measurement results in two ma-
jor problems for our study. The first is the resultant uncer-
tainty of the predicted VHE fluxes of a source. A lower limit
on redshift still remains useful because the UHECR-induced
cascade scenario could be favored if VHE gamma rays are
detected above energies where the flux in the gamma-ray-
induced scenario is already suppressed assuming the lower-
limit redshift. In other cases, a well-determined source red-
shift may be required to disentangle the two scenarios, as sce-
nario discrimination depends both on the shape of the spec-
tral cutoff and the cutoff energy Ec, which depends on the
source redshift. The second problem is the resulting uncer-
tainty in the total luminosity of gamma rays and/or protons to
reproduce the observed flux. Recently, Padovani et al. (2012)
pointed out that several distant HBLs have isotropic equiva-
lent gamma-ray luminosities exceeding the trend of the blazar
sequence (e.g., Fossati et al. 1998; Kubo et al. 1998) based on
photometric redshift measurements. The same is true of some
blazars in the list in the gamma-ray-induced scenario if their
quoted redshifts are correct. Accurate redshift of sources is
therefore also important to check the blazar sequence.
Although we have focused on spectral information to dis-
criminate between the two possibilities, variability is also an-
other critical clue. Cascade components cannot have short
variability timescales, since the shortest time scales are ∼
1 yr (Eγ/10 GeV)−2B2
−18 in the gamma-ray-induced case and
∼ 10 yr (Eγ/10 GeV)−2B2
−18 in the UHECR-induced case, re-
spectively (Murase et al. 2012b). Note that, in the gamma-
ray-induced case, cascaded gamma rays should be regarded
as a mixture of attenuated and cascade components. There-
fore, strong variability is possible if the cascade component is
suppressed, whereas not in the UHECR-induced case. In our
sample, there is no strong evidence for fast variability in KUV
00311−1938 and PG 1246+586 above 10 GeV (see Figs. 2
and 3). Variability is weaker at the lowest photon energies of
the cascade. By equating z/H0 with the Thomson energy-loss
timescale of relativistic electrons in the CMB, one finds that
the cascade from blazars at low redshift (z ≪ 1) extends to
photon energies as low as ≈ 2.5 keV/(z/0.1)2.
One potential drawback of the UHECR-induced cascade
scenario is that it may require large powers emitted in UHE-
CRs. This is especially true if UHECRs are not beamed. If
the blazars are embedded in magnetized structures, i.e., fila-
ments and clusters of galaxies, as naturally expected, the jet-
corrected CR luminosity required to reproduce the observed
flux is about one and two orders of magnitude larger than in
the case of no surrounding magnetic field, respectively, be-
cause of the isotropization of CR protons in the magnetic
structures (Murase et al. 2012b). Razzaque et al. (2012) de-
rive lower limits of UHECR power following this scenario
for extreme HBLs with known redshift, and point out that
the required power is comparable with or in some cases ex-
ceeds the Eddington luminosity of the supermassive black
hole (SMBH) of the blazars and if UHECRs are isotropized.
Some blazars considered in this study may require UHECR
powers close to the Eddington luminosity of SMBH mass
109M⊙.
We have considered IGMFs weak enough so as not to affect
the spectrum above 10 GeV. For stronger IGMFs, the cascade
radiation in both the hadronic and leptonic scenarios becomes
harder due to fewer low-energy photons made in the jet di-
rection. This hardening may, however, be hidden because of
intrinsic source gamma rays with energies E . Ec. Given a
sharp spectral cutoff in the gamma-ray-induced scenario, it
is clear evidence of the hadronic scenario and therefore the
sources of UHECRs that a spectrum harder than that predicted
from the gamma-ray-induced scenario is observed.
Finally, we mention that signatures of UHECR-induced and
gamma-ray-induced cascades in the diffuse gamma-ray back-
ground are also distinguishable (Murase et al. 2012a).
To summarize, the SEDs of many of the distant blazars
listed in Neronov et al. (2012) can be modeled by both
gamma-ray-induced and UHECR-induced cascade scenar-
ios, as shown here explicitly for KUV 00311−1938 and PG
1246+586. Some of these blazars are predicted to be de-
tectable by CTA, and their spectral properties will permit
these two scenarios to be distinguished by the different de-
tection threshold energies and spectral behaviors. Prelimi-
nary H.E.S.S. observations favor the hadronic interpretation
for KUV 00311−1938 if at redshift z = 0.61.
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